Abstract: Synthesis of 2-aminofuran derivatives with azulene or N,N-dimethylanilino substituent was established by the formal [2 + 2] cycloaddition-retroelectrocyclization of 3-(1-azulenyl or N,N-dimethylanilino)-2-propyn-1-ols with tetracyanoethylene, followed by the intramolecular nucleophilic addition to the initially formed tetracyanobutadiene moiety of the internal hydroxyl group that come from 2-propyn-1-ol. The reaction proceeds under mild conditions with short reaction period. The products of the reaction are readily available with simple purification procedure. 2-Aminofuran derivatives obtained by this reaction were revealed to be convertible to 6-aminofulvene derivatives with the treatment of various amines. The structure of 2-aminofuran and 6-aminopentafulvene with N,N-dimethylanilino substituent was confirmed by single crystal X-ray structural analysis.
Introduction
Aminofuran shows various biological activities and is found in many pharmaceuticals. [1] Therefore, it is important to develop general and efficient methods to synthesize or modify such compounds. Classically, aminofurans have been prepared by the reaction of α-hydroxy- [2] and haloketones [3] with malononitrile under the basic conditions. As a modern procedure, transition metal-catalyzed reaction has been employed to construct the 2-aminofuran with various substituents.
[4] More recently, Wang and co-workers have demonstrated the synthesis of 2-aminofurans by iodine-mediated sequential ring openingcyclization domino reaction of 1-cyanocyclopropane in good yields. [5] Although these procedures have undoubtedly contributed to the development of 2-aminofuran synthesis, the requirement of expensive transition metal catalyst and/or difficulty in the preparation of the precursor remains in the preparation of the 2-aminofuran derivatives.
Azulene has attracted the interest of many researchers owing to its unusual properties as well as its beautiful blue color. [6] Azulene derivatives have been extensively studied for their application to organic electronics, [7] medicinal chemistry, [8] bioimaging, [9] stimuli responsive materials [10] and so forth. Therefore, various efficient and facile synthetic methods for azulene derivatives have been developed and reported in literatures. [11] Formal [2 + 2] cycloaddition-retroelectrocyclization (CA-RE) of electron-rich alkynes with tetracyanoethylene (TCNE) is one of the efficient procedures to construct the donor-acceptor systems, i.e., tetracyanobutadiene derivatives (TCBDs). [12] In exploring the reaction for the synthesis of new TCBDs, we have encountered unexpectedly formation of 2-aminofuran derivatives in excellent yields (e.g., 3; 93%) by the [2 + 2] CA-RE of 3-(1-azulenyl)-2-propyn-1-ols (e.g., 2) with TCNE in CH2Cl2 (Scheme 1). Although the presumed 1-azulenylTCBD derivatives could not be obtained at all in the reaction, we realized that the finding should become an efficient and convenient method for the preparation of azulene-substituted 2-aminofuran derivatives, because of the ready availability of the starting materials. Moreover, we also encountered the unexpected formation of 6-aminopentafulvene derivatives during the investigation of the reactivity of 2-aminofuran derivatives with various amines.
Herein, we describe a novel synthetic procedure for the 2-aminofuran derivatives with azulene function by the [2 + 2] CA-RE of the corresponding 3-(1-azulenyl)-2-propyn-1-ols with TCNE, as well as an efficient amine-induced transformation of the 2-aminofuran derivatives to 6-aminopentafulvenes. These transformations should enable to synthesize the functionalized 2-aminofuran and 6-aminopentafulvene derivatives with facility and efficiently. Inspired by the results described above, we have examined the scope of the reaction of 3-(1-azulenyl)-2-propyn-1-ols 4−12 possessing several functional groups on the azulene ring with TCNE ( Table 1 ). The reaction of the alkynes 4−12 with TCNE (2 equiv. vs alkyne) was carried out in CH2Cl2 at room temperature under an aerobic condition. In general, the products were obtained in good yields by the reaction within 1 hour. The reaction of 4 afforded the corresponding 2-aminofuran 13 in 77% yield, after the chromatographic purification on silica gel (entry 1). Likewise, the other alkynes 5−12 readily reacted with TCNE at room temperature to give the desired 2-aminofurans 14−21 in good yields (entries 2−9). We could conclude the reaction is little affected by the functional groups on the azulene ring about the reaction outcome, since all reaction produced the products in good yields.
In 2014, Zhang et al. reported an efficient synthesis of furan derivatives by the dehydrogenative cyclization reaction of 2-(1-alkynyl)-2-alken-1-ones utilizing TCNE as a dienophile, but their approach required elevated temperature (i.e., 60 ºC), long reaction period (6−12 hours) and expensive gold catalyst. [13] An advantageous feature of our methodology is that the reaction does not require any expensive transition metal catalyst to afford highly functionalized 2-aminofuran derivatives. Moreover, the reaction proceeds under milder conditions within a short time. Thus, the present method would become one of the efficient methodologies for the synthesis of 2-aminofuran derivatives.
Presumed reaction mechanism is illustrated in Scheme 2. The reaction commences with the formal [2 + 2] cycloaddition of the alkyne 2 with TCNE to form strained cyclobutene derivative A, followed by ring-opening by retroelectrocyclization of the cyclobutene ring to give the TCBD derivative B. [14, 15] Intramolecular nucleophilic addition of the hydroxyl group to the cyano moiety in TCBD B results in the dihydrofuran C, which then exhibits tautomerization to form a furan ring with cyano and amine functions in 3. Since the TCBD B is not obtained in the reaction, intramolecular nucleophilic addition to form C should be a faster process than that of the formal [2 + 2] CA-RE to form TCBD B. 6-Aminopentafulvene derivatives have attracted the interest of many research groups, because of their importance for the precursor of natural products, [16] metallocenes [17] and novel π-eletron compounds including fulvenes, [18] porphyrins [19] and azulene derivatives. [20] 
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corresponding amides or their analogs, [21] but there is no report for the conversion to 6-aminopentafulvenes from the 2-aminofuran precursor.
During the investigation of the reactivity of 2-aminofuran 13, we found the formation of 6-aminofulvene derivatives with an azulene substituent 22a−29a, 26b and 27b by the treatment with a large excess of amines under mild conditions. As shown in Table 2 , products were obtained generally in good yields. When diisopropylamine was used in the reaction, however, 24a was obtained in 16% yield (entry 3). The lower yield of 24a should reflect the steric hindrance of diisopropylamine that prevent the nucleophilic addition of the amine. To use pyrrolidine in the reaction at room temperature, 27b was obtained in 64% yield as a sole product (entry 6). In contrast, the reaction with pyrrolidine at 0 °C afforded 27a in 95% yield (entry 7). Similar to the reaction with diisopropylamine, the reaction with sterically bulky tert-butylamine resulted in lower yield compared to that of the other amines (entry 9).
Although some synthetic methods of 6-aminopentafulvenes have been reported in the literature, [22] our procedure is the first synthesis of 6-aminopentafulvene derivatives from 2-aminofurans by amine-induced transformation. Moreover, in the viewpoint of azulene chemistry, compounds 22a−29a, 26b and 27b are the first examples of 6-aminopentafulvene derivatives with an azulene substituent. Table 2 . Amine-induced synthesis of 6-aminofulvenes 22a−29a, [23] 26b and 27b from 2-aminofuran 13. [a] Isolated yield. [b] Reaction was performed at 0 ºC.
Entry
The detailed reaction mechanism for the formation of 6-aminopentafulvenes is not clear at the current stage, but presumed reaction mechanism is illustrated in Scheme 3. In the first step, the amine attacks the furan ring of compound 13 by 1,4-conjugate addition mode to produce D, followed by the ring-opening reaction of the furan moiety and the proton shift to give F via E. The first conjugate addition of amine is supported by DFT calculations, since the LUMO coefficient is located at the 5-position of the furan ring ( Figure S179 ). The alkene carbon bearing two cyano groups attacks to the amido carbonyl carbon to form G. Eventually, one of the cyano groups in G was transferred by nucleophilic attack of the neighboring alkoxide oxygen, followed by the elimination of cyanic acid under the basic condition to generate 6-aminopentafulvene M via L. [24] We have examined the further reaction of 6-aminopentafulvene 25a with pyrrolidine. As a result, the reaction afforded the amine exchanged product 27a (26%) on the fulvene carbon at 6-position, along with 6,6-diaminofulvene 27b (28%) (Scheme 4). Since the reaction did not afford 27b with high product yield under the reaction conditions, the formation of 6,6-diaminofulvene might involve two competing pathways. As a pathway, the formation of diaminofulvene K might be explained by the nucleophilic attack of another amine to the iminium ion moiety of the intermediate G for the aminofulvene formation, followed by the elimination of hydrogen cyanide and water through H, I and J (path A). Another pathway is that the addition of the amine to 6-position of aminofulvene M, followed by the oxidation with air via N (path B). Since the yield of 27b by the reaction of 25a with pyrrolidine was relatively low, the 6-aminopentafulvene might not be an efficient precursor for the diaminofulvene formation. Although the UV/Vis spectrum of 2-aminofuran derivatives 3 and 13−21 showed a strong absorption band in the visible region (420−487 nm), absorption maxima of these compounds varied with each other depending on the substituents on the azulene ring. For instance, the longest absorption band of 13 (λmax = 437 nm) showed slight bathochromic shift compared with that of 3 (λmax = 424 nm). Further red-shift for the longest absorption band was observed in 20 (λmax = 487 nm, Figure 1 ). The DFT calculations at the B3LYP/6-31G** level [25] revealed that the strong absorption band of 3, 13 and 20 could be assignable to intramolecular charge transfer between the HOMOs, which located on both azulene and 2-aminofuran moieties, and the LUMOs, which mainly located on azulene and dicyanovinyl groups (Figures S179−S181). Therefore, the strong absorption band of 3, 13 and 20 in the visible region could be attributed to overlap of the transitions from azulene and 2-aminofuran to azulene and dicyanovinyl moieties. Calculated HOMO-LUMO gap of 13 (3.25 eV) and 20 (3.02 eV) was lower than that of 3 (3.30 eV) . Therefore, alkyl substituents such as methyl and isopropyl groups on 13 and 20 should contribute to decrease the HOMO-LUMO gap owing to increase the HOMO level by electron-donating inductive effect. Similarly to the results on azulene derivatives, alkyne 30 with N,N-dimethylanilino substituent reacted with TCNE at room temperature to give 2-aminofuran 31 in 85% yield. The reaction of 31 with pyrrolidine afforded 6-aminopentafulvene 32 in 63% yield. The structure of 31 and 32 was confirmed by single crystal X-ray structural analysis since the suitable single crystals for X-ray structural analysis were obtained by slow evaporation from CHCl3 (Figures 1 and 2 ). To investigate the quinoid character of N,N-dimethylanilino (DMA) moiety of 31 and 32, the δr was calculated by the equation as shown in below (bond lengths A, A', B, B', C and C' are shown in Figures 2 and 3 ). [26] 
Calculated from the X-ray crystal structure, 2-aminofuran 31 exhibited δr = 0.047, which indicates the quinoid character of the DMA moiety owing to the resonance effect between DMA group and dicyanovinyl moiety as shown in Scheme 4. In contrast, the δr value of the DMA ring in 6-aminopentafulvene 32 was relatively low (δr = 0.019). Previously, Diederich et al. reported the δr value of two DMA rings connected with 6,6-dicyanopentafulvene. In that study, they revealed that the DMA ring with high planarity to the 6,6-dicyanopentafulvene moiety displayed a very large δr value (δr = 0.065). [27] On the other hand, the DMA ring with less effective conjugation showed a low δr value (δr = 0.030). The δr value of 32 reflects a small contribution of the quinoid form 32' relative to that of 31 due to the low planarity between the DMA and the 6-aminopentafulvene moieties (Scheme 5). [28] Furthermore, since the electron-rich 6-aminofulvene acts against the quinoid structure by its push-pull effect, lower δr value of 32 rather than that of the 6,6-dicyanopentafulvene derivative reflects the both features. drawn at 50% probability. [29] triclinic, a = 8.74184 (18) Ellipsoids are drawn at 50% probability. [29] orthorhombic, a = 9.7534 ( The UV/Vis spectra of aminofulvenes 22a−29a, 26b and 27b with 1-azulenyl substituent showed weak absorptions at around 560−600 nm, although aminofulvene 32 with N,N-dimethylanilino substituent did not display absorption band in this region (Figure 4) . Thus, the longest wavelength absorptions of 22a−29a, 26b and 27b should arise from the transition from the azulene part. Aminofulvenes 22a−29a, 26b, 27b and 32 also exhibited the broad and strong absorption band at around 400 nm.
To elucidate the origin of these absorption bands, molecular orbital calculations were performed on 27a, 27b and 32 as model compounds, using B3LYP/6-31G** density functional theory. Thus, the longest wavelength absorption bands of 27a (λmax = 556 nm) and 27b (λmax = 600 nm) should be concluded as the transition from the HOMO located on both azulene and aminofulvene moieties to the LUMO located on the 1-azulenyl group (Figures S183 and S184). Thus, there are some contributions of intramolecular charge transfer (ICT) character from aminofulvene to azulene moieties in these bands, although 1-azulenyl group usually behaves as an electron-donating group. These results suggest that aminofulvene has higher electron-donating nature rather than that of 1-azulenyl group. The broad and strong absorption bands of 27a (λmax = 375 nm and 436 sh nm) and 27b (λmax = 421 nm and 450 sh nm) could be assigned to the overlap of some transitions originated from the HOMOs largely located on aminofulvene moiety to the LUMOs largely located on aminofulvene and azulene rings. Thus, the broad absorption band of 27a and 27b could be arisen from the overlap of ICT from aminofulvene to azulene moieties and the π−π* transition of the aminofulvene part. Calculated HOMO-LUMO gap of 27b (2.41 eV) was lower than that of 27a (2.70 eV). Thus, the amino moieties at 6-position of fulvene should contribute to decrease the HOMO-LUMO gap, due to increase the HOMO level by its strong electron-donating nature.
Different from the results of 27a and 27b, the calculations revealed that the longest absorption band of 32 in the visible region was caused by the transition from HOMO, HOMO−1 and HOMO−2 to LUMO, which could be assigned to overlap of the π−π* transition of aminofulvene itself and ICT from N,N-dimethylanilino substituent to aminofulvene moiety ( Figure  S185 ). These results imply that 6-aminofulvene behaves as an electron acceptor in this case, which is consistent with that the N,N-dimethylanilino substituent has higher electron-donating ability compared to that of 1-azulenyl group [30] and 6-aminofulvene moiety. 
Conclusions
In conclusion, we described a novel synthetic method for 2-aminofuran and 6-aminopentafulvene derivatives. 2-Aminofurans 3, 13-21 and 32 were synthesized in a one-step procedure consisting of formal [2 + 2] CA-RE of the corresponding alkynes 2, 4-12 and 31 with TCNE, followed by intramolecular nucleophilic addition of the hydroxyl group to the initially formed TCBD moiety. Since the reaction proceeds under milder conditions with a short reaction time without expensive transition metal catalyst, our synthetic method has potentials to be one of the efficient procedures for the synthesis of 2-aminofuran derivatives. We also established an efficient synthesis of 6-aminopentafulvene derivatives 22a−29a, 26b and 27b and 32 by amine-induced transformation of 2-aminofurans 13 and 31. The procedure is the first example for the preparation of 6-aminopentafulvenes from 2-aminofurans by the amine-induced reaction.
Experimental Section
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